Abstract: Interannual uctuations of the global mean sea level are highly correlated with El Niño-Southern Oscillation (ENSO) events, with positive/negative anomalies during El Niño/La Niña. In a previous study we showed that during the 1997 -1998 El Niño, a positive anomaly observed in the global mean sea level was mostly caused by an increase of the ocean mass component rather than by steric (thermal) e ects. This result was related to an increase of precipitation over the tropical ocean and a de cit in land water storage. In the present study, we investigate the e ect of the recent 2008 and 2011 La Niña events on the satellite altimetry-based global mean sea level. We nd that the large global mean sea level drop associated with the 2011 La Niña results from the combined decrease of the steric and ocean mass components, with a slightly dominant contribution from the latter. We show that the ocean mass contribution to the global mean sea level drop is spatially con ned over the north eastern tropical Paci c (just as was found previously for the 1997 -1998 El Niño, but with opposite sign). Corresponding ocean mass spatial pattern is closely correlated to observed sea level and steric spatial patterns over the duration of the La Niña event. This is also observed for previous El Niño and La Niña events. Such a drop in ocean mass during ENSO in the eastern part of the tropical Paci c has not been reported before. It is possibly related to a temporary decrease in the net precipitation over the north eastern Paci c (opposite situation was found during the 1997 -1998 El Niño).
Introduction
On interannual to decadal time scales, global mean sea level (GMSL) variations mostly result from thermal expansion and mass variations of the oceans. The ocean mass variations themselves result from land ice mass changes (from glaciers and ice sheets), land water storage changes plus a small contribution from atmospheric water vapor. Over the satellite altimetry era (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , GMSL rise (amounting to 3.1 +/-0.4 mm/yr) is due to the ocean thermal expansion (by~30%) and land ice loss (~55%) contributions (e.g., Church et al., 2011 , Hansen et al., 2011 , Hannna et al., 2013 , Church et al., 2013 . While thermal expansion and land ice dominate the GMSL trend, this is not the case at interannual time scale, as shown by a few recent studies , Boening et al., 2012 . These interannual variations appear closely related to ENSO (El Niño-Southern Oscillation) events, with positive/negative sea level anomalies observed during El Niño/La Niña (Nerem et al., 2010) . Focusing on the 1997 -1998 El Niño, Llovel et al. ( , 2011 showed that GMSL anomalies are inversely related to interannual variations in global land water storage, with a tendency for water de cit on land during El Niño events. This was investigated in more details by Cazenave et al. (2012) who showed that during the 1997 -1998 El Niño, the GMSL anomaly was largely due to an increase in ocean mass almost fully compensated by water storage de cit on land (with a dominant contribution from tropical river basins -mostly the Amazon-). This is related to the fact that during an El Niño, there is rainfall de cit on land and rainfall excess over tropical oceans (mostly the Paci c Ocean, e.g., Dai and Wigley, 2000, Gu and Adler, 2011) . Another result from the Cazenave et al. (2012) ' study concerned the location of the ocean mass increase. Counter intuitively, the ocean mass increase was not uniformly distributed over the oceans but concentrated over the northeast tropical Paci c. To explain this ocean mass excess during the 1997 -1998 El Niño, several hypotheses were investigated (for example, a possible reduced water ow between the Paci c and In-dian oceans at the Indonesian straits, Gordon et al., 2010) but no de nite conclusion has been drawn.
In the present study, we study the interannual variations of the GMSL over 2005-2011, a period with prevailing La Niña events. Over this time span, the interannual GMSL displays negative anomalies of several mm amplitude, coinciding with the 2008 and 2011 La Niña events. As shown by Boening et al. (2012) , the GMSL drop during the 2011 La Niña in part results from a temporary decrease in ocean mass (and associated increase in land water storage, Fasullo et al., 2013) , as estimated from GRACE space gravimetry data. Here we also compare the interannual GMSL with the sum of the contributions (i.e., the steric and mass components, estimated using di erent data sets) and explore whether, as for the 1997 -1998 El Niño, the La Niña-related ocean mass decrease has a particular spatial pattern or not.
Method
Interannual variations in GMSL are computed in two ways: 1. Directly from satellite altimetry data after removing, over the study period, the longer-term signal in the GMSL time series, 2. By estimating separately the steric (i.e., due to ocean temperature and salinity) and ocean mass (∆Mocean) contributions.
The ∆Mocean component can itself be estimated in two ways: 1. By averaging the GRACE space gravimetry data over the oceans to recover the ocean mass variations, 2. By summing up the land water, atmospheric water vapor and land ice components.
In e ect, conservation of total water mass in the climate system at interannual time scale leads to:
where ∆Mocean, ∆M LW and ∆M WV represent interannual changes of the ocean mass, total land water storage and atmospheric water vapor, respectively. ∆M LI refers to interannual uctuations in land ice mass. For regional comparisons with the 1997 -1998 El Niño (i.e., prior to the GRACE era), we also estimate the ocean mass component by computing the di erence between the altimetry-based sea level and steric sea level.
All components are expressed in equivalent sea level (ESL) (see below).
Data . Sea level data
For the altimetry-based sea level data, we use two di erent products : (1) the GMSL time series from AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic Data,www.aviso.oceanobs.com/en/data/products/seasurface-height-products/global/msla/, AVISO hereafter) and (2) the Colorado University GMSL (http://sealevel. colorado.edu/, CU hereinafter). Both data sets are based on Topex/Poseidon, Jason-1 and Jason-2 data.
The two GMSL time series (AVISO and Colorado University) are based on di erent processing approaches, in particular the geographical averaging process. Moreover some of the geophysical corrections applied to the data are slightly di erent as well as the editing procedure (see Masters et al., 2012 and Henry et al., 2014 , for a discussion on these di erences). The two GMSL time series cover the period 1993-2013. But for the purpose of the present study that focuses on GRACE and Argo periods, we limit the study time span to January 2005 to December 2011. In the following, we average the two data sets to produce a single GMSL time series, as no preferred product has been identi ed so far. The corresponding curve and associated uncertainty (based on the dispersion around the mean) is shown in Fig. 1 for the 2005-2011 time span. For the regional analysis presented in section 6, we also use the gridded AVISO data over 1993-2012 (www.aviso.oceanobs.com) . The gridded data are based on a larger set of altimetry missions merged together: in addition to the Topex/Poseidon and Jason-1&2-data, ERS-1&2, Envisat and Geosat follow-on data are also used. The gridded data are provided on a 1/4 degree grid at weekly interval.
Both, global mean and gridded sea level data are corrected for the inverted barometer correction. For detailed description of the geophysical corrections, the reader is referred to the AVISO and Colorado University web sites.
. Steric data
Two steric data sets have been considered: 1. Argo data processed as explained in von Schuckmann and Le Traon (2011) . The global mean steric time series (data averaged over the 60°N/60°S domain) is based on a weighted box averaging scheme of Argo data. A reference depth of 1500 m is chosen as the number of pro les in the 1500 m-2000 m depth layer is signi cantly less than within 0-1500 m before year 2009 (Cabanes et al., 2013, their Figure 7 ). The Argo pro les undergo re-quali ed data validation methods using a tool developed by Gaillard et al. (2009) (see also von Schuckmann et al., 2009 ). Black-listed proles and platforms are excluded from the data set. Every pro le on alert has been checked visually which allows excluding spurious data (e.g. data drift). This procedure minimizes systematic biases in the global Argo data set as discussed by Barker et al. (2011) . Error bars represent one standard error, accounting for reduced degrees of freedom in the mapping and uncertainty in the reference climatology as described in von Schuckmann and Le Traon (2011 .
GRACE-based space gravimetry data
To estimate the ocean mass variation, we use the GRACE Release 2 products from the Groupe de Recherche en Geodesie Spatiale (GRGS) (http://www.grgs.obs-mip. fr/grace/variable-models-grace-lageos/grace-solutionsrelease-02). The degree 2 coe cients -poorly determined by GRACE-are those derived from satellite laser ranging to Lageos 1 and 2. These data are provided at 10-day interval on 1°x1°grids. However the real spatial resolution of this data set is coarser, on the order of 400 km (see below). No Gaussian ltering nor destripping are applied to the GRGS data. Such post-processing is developed by other groups for removing the various errors a ecting the GRACE data, in particular the north-south noise (stripes) due to systematic correlated errors of GRACE data within a particular spectral order or the leakage of nearby signals onto the study area due to the coarse GRACE resolution (see Velicogna and Wahr, 2013 for a discussion on errors impacting the GRACE data). Such post processing procedure is usually applied to the GRACE products available from the TELLUS website (http://grace.jpl.nasa.gov) that provides gridded ocean data after strong smoothing (due to the application of a destripping lter, a 500 km halfwidth Gaussian lter and a spherical harmonic cuto at degree 40). As indicated on this web site, such a data set should not be used for global ocean mass studies due to strong attenuation of the signal (see also Chambers and Schröter, 2011) . A gain factor is sometimes applied to the data in order to compensate for signal attenuation due to the coarse GRACE resolution (the truncation of the GRACE spherical harmonics series at a given degree implies that shortwavelength signal associated with the missing spherical harmonic coe cients, cannot be recovered). In the case of the GRGS data, this truncation is at degree 50, which corresponds to a spatial resolution of 400 km. No gain factor is applied. When computing the ocean mass, we use a mask that ignores data within 400 km of the continents to avoid leakage from continental hydrology and ice sheet mass loss. Finally, as we only consider the interannual variability, we do not correct the GRACE data for Glacial Isostatic Adjustment (i.e., the visco-elastic response of the solid Earth to last deglaciation) because this e ect is a purely linear trend.
. Atmospheric water vapor
To estimate change in atmospheric water vapor mass, we used three di erent products : (1) atmospheric surface pressure grids from the European Centre for MediumRange Forecast (ECMWF) ERA-Interim data (//data-portal. ecmwf.int/data/d/interim_moda/), (2) the vertically integrated water vapor grids, also from ERA Interim, and (3) vertically integrated water vapor based on AMSRE remote sensing data (kindly provided to us by R. Allan). As shown by Trenberth and Smith (2005) , seasonal and interannual variations in atmospheric surface pressure essentially result from changes in atmospheric water vapor content because of dry air mass conservation. Thus atmospheric surface pressure data can be used to estimate change in water mass of the atmosphere. Data from ERA Interim are provided as 1.5°x1.5°grids, at monthly interval. Data from (3) are given as globally averaged water vapor time series at monthly interval.
The atmospheric water vapor contribution is further expressed in ESL by weighting by the ratio of the total Earth's area to the ocean area and multiplied by -1 (to express the fact that more water in the atmosphere leads to lower sea level, and inversely).
. Land water component
To estimate the global land water storage, we use the ISBA-TRIP global hydrological model developed at MétéoFrance. The ISBA (Interaction Soil Biosphere Atmosphere) land surface scheme calculates time variations of surface energy and water budgets. Soil hydrology is represented by three layers: a thin surface layer (1 cm) included in the rooting layer and a third layer to distinguish between the rooting depth and the total soil depth. The soil water content varies with surface in ltration, soil evaporation, plant transpiration and deep drainage. ISBA uses a comprehensive parameterization of sub-grid hydrology to account for heterogeneity of precipitation, topography and vegetation within each grid cell. It is coupled with the TRIP (Total Runo Integrating Pathways) module (Oki and Sud, 1998) . TRIP is a simple river routing model converting daily runo simulated by ISBA into river discharge on a global river channel network here de ned at 1°x 1°reso-lution. Details on ISBA-TRIP model can be found in Alkama et al. (2010) and Decharme et al. (2010) . The outputs of the ISBA-TRIP model cover the period January 1980 to December 2012, with values given at monthly interval on a 0.5°x0.5°grid. They are based on a run in forced mode (global meteorological forcing based on ERA-Interim at 3-hourly time step and 0.25°resolution). The whole land surface has been considered. The land water storage component is further expressed in ESL (after weighting by the land to ocean areas ratio). In the following the land water term refers to the use of the ISBA-TRIP hydrological model.
Comparison between the di erent products
Data between 66°N and 66°S are considered for all products except the Argo-based steric sea level (60°N to 60°S). All time series are re sampled at monthly interval. The seasonal cycle is removed by least-square tting of a sine function to the data. As we focus here on the interannual variability, we applied a high-pass lter (<7 years) to all data sets over the 2005-2011 time span. Just removing a linear trend over the study time span gives essentially the same result. Finally a 3-month running lter is applied to each time series.
. Di erences between the water vapor time series We do not know the source of such di erences but it is suspected that the surface pressure curve is less reliable (R. Allan, personal communication). Moreover, global mean water vapor is highly correlated with global mean sea surface temperature (SST). We found a much better correlation between SST and the vertically integrated water vapor than when using the surface pressure data. This is illustrated in Fig. 2b . For that reason, in the following, we use the vertically integrated water vapor time series (from ERA interim).
. Comparison between interannual GMSL and GRACE-based ocean mass & sum of other mass components
In this section we compare the interannual GMSL with the interannual ocean mass component estimated from the GRACE GRGS data as well as with the sum of other mass components (as described by eq. 1): land waters plus water vapor plus land ice. We neglect the interannual variability of the glaciers as no data are available to estimate it, but account for that of the ice sheets. The latter has been estimated from the GRGS GRACE data averaged over Greenland and Antarctica. It is generally very small, of at most 0.3 -0.4 mm ESL on interannual time scale (see below). Fig. 3a compares the interannual GMSL with the GRACE-based ocean mass and the sum of 'land water storage + water vapor + interannual ice sheet component'. Error bars are not shown on this plot. The GRACE GRGS data are not provided with error bars. However from discussions with the GRGS processing group, it comes out that the uncertainty of a single global mean monthly value is on the order of 0.6 mm (1-sigma) (see also Wahr et. al., 2006) . Uncertainty of the sum 'land water storage + water vapor + interannual ice sheet component' is also not known. We assume that it is of the same order of magnitude as for the GRACE-based ocean mass. Fig. 3a indicates that the mass component (either from GRACE or from the sum 'land water storage + water vapor + interannual ice sheet component') has a signi cant contribution to the interannual GMSL, especially during the 2011 La Niña. But clearly not all interannual GMSL signal is of mass origin. In Fig. 3b , we have superimposed the Argo-based steric sea level to the interannual GMSL. The steric signal obviously plays some role at interannual time scale. On Fig. 3b , is also shown the interannual variability of the ice sheets. As mentioned above, this contribution is small, of the same order of magnitude as the water vapor component. Fig. 4a,b show the interannual GMSL together with the sum of the steric and mass components (GRACE-based ocean mass for Fig. 4a and sum 'land water storage + water vapor + interannual ice sheet component' for Fig. 4b) . From these gures, we clearly see that the negative sea level anomalies coinciding with the 2011 La Niña is almost equally due to a decrease of the ocean mass and steric components. The agreement between the GMSL and the sum of components is less good during the 2008 La Niña, although the use of the sum 'land water storage + water vapor + interannual ice sheet component' (Fig. 4b) gives better result than the use of GRACE (Fig. 4a) .
Sea level budget at interannual time scale
Overall, over the 2005 -2011 time span, the correlation between interannual GMSL and sum of the contributions amounts to 0.78 in both cases (Fig. 4a and Fig. 4b ). We conclude, as previously shown by Boening et al. (2012) , that the GMSL drop during the 2011 La Niña event is reasonably well reproduced by the sum of the steric and ocean mass contributions. As indicated above, lesser agreement is noticed for the 2008 La Niña. This calls for further investigation to identify which data set is in error.
Spatial patterns of sea level and ocean mass during 2011 La Niña
In this section, we investigate the geographical patterns of the GMSL, steric sea level and ocean mass component during the 2011 La Niña. In particular, we would like to check whether the ocean mass component associated with the 2011 La Niña presents a spatial pattern similar (but with (a) (b) Fig. 3 . a) Interannual GMSL (red curve) on which are superimposed the global mean ocean mass from GRACE (blue curve) and the sum 'land water storage + water vapor + interannual ice sheet, IS, component' (green curve). Vertical bars represent errors on monthly values of GRACE-based ocean mass and sum of mass components; b) Interannual GMSL (red curve) on which are superimposed the steric contribution from Argo (black curve). The interannual ice sheet component is also shown (green curve). The vertical bar represents the error on monthly values of the Argo-based steric sea level.
opposite sign) than that observed during the 1997 -1998 El Niño . As done in Cazenave et al (2012) for El Niño, we rst determine the geographical origin of the 2011 ocean mass drop. As for the 1997 -1998 El Niño, we nd that the main contribution comes from the northern tropical Paci c. This is illustrated in Fig. 5 showing the global mean ocean mass from GRACE and north Paci c ocean mass (also estimated from GRACE). The north Paci c area considered here is from 120°E to the coast of America and from the equator to 60°N. While the two curves do not exactly coincide, we nd nevertheless good agreement, suggesting that as for El Niño, the La Niña ocean mass anomaly originates in the north Paci c. To investigate in more detail the spatio-temporal variation of the negative ocean mass anomaly during the 2011 La Niña, we constructed a longitude-time diagram of the ocean mass averaging the data in latitude over the north Paci c (same area as indicated above). The diagram is shown in Fig. 6 for the 1996 -2012 time span (we extended back in time the analysis in order to include the effect of the 1997 -1998 El Niño). To do this, we computed the ocean mass from the di erence between the mean sea level data and IK12 steric data. In e ect, for this longer period, neither Argo nor GRACE data can be used (note that IK12 data cover the 0-700 m depth range only, instead of 0 -1500 m for Argo). Fig. 6 shows a succession of positive and negative nearly zonal anomalies in the eastern part of the Paci c (west of 180°E). In particular, a strong negative anomaly, amounting −20 to −30 mm and extending east-west, is noticed in 2011. In Fig. 6 , we also see the strong positive ocean mass anomaly associated with the 1997 -1998 El Niño (previously discussed in , with the same east-west zonal pattern as the 2011 La Niña anomaly. The results of the present study suggest similar response of the ocean mass during La Niña (but with opposite sign compared to El Niño), likely related to precipitation minus evaporation patterns over the north eastern Paci c characterizing ENSO events (Dai and Wigley, 2000, Gu and Adler, 2011) . We also compared the spatial patterns of the observed, altimetry-based sea level and steric sea level over the north Paci c. A similar treatment was performed on these two data sets (latitude averaging between the equator and 60°N and computation of a longitude/time diagram). These are shown in Fig. 7a and 7b . As expected, the two maps are highly correlated and display clear west-east anomalies during ENSO events. Amplitude of the ENSOrelated sea level anomalies is in the range +/−80 mm. Associated ocean mass anomalies shown in Fig. 6 are smaller in amplitude (in the range +/−30-40 mm only) but still signi cant (local errors in satellite altimetry measurements reach 15 mm -e.g., AVISO website-; they reach 18 mm for IK12 steric data, Llovel et al 2013, which gives a level of local error of 23.4 mm for the mass signal). To con rm that what we interpret as mass anomalies (as shown in Fig. 6 ) is not a steric contribution not accounted by the IK12 data (i.e., a steric contribution from below 700 m), we computed an ocean mass longitude/time diagram (same procedure as above) by subtracting to the sea level data the Argo data down to 1500 m (but as of 2005 only). Corresponding Argobased ocean mass diagram is shown in Fig. 8 . We note that over their overlapping time span, Fig. 6 and Fig. 8 are very similar. In particular, the west-east negative mass anomalies related to the 2008 and 2011 La Niña events are well reproduced and is still signi cant when using Argo data down to 1500 instead of IK12 data down to 700 m (local errors in the Argo dataset for the North Paci c reach 15 mm which gives a level of local error of 15 mm for the mass signal). While we cannot exclude that the resulting map contains some steric signal from the deep ocean (below 1500 m), more likely, this results suggests that an ocean mass component is also involved during La Niña, with a very similar geographical pattern as the thermal and sea level anomalies.
Conclusions
In this study, we show that the GMSL drop observed during the 2011 La Niña is almost equally due to a decrease in the mass of the ocean and of the steric sea level. This is unlike the positive GMSL anomaly associated with the 1997 -1998 El Niño that was essentially explained by an increase of the ocean mass due to more rainfall over the tropical Paci c (and associated decrease of water on land) Cazenave et al., 2012) . This suggests that the e ect of La Niña on the GMSL does not just mirror that of El Niño, as suggested by Okumura and Deser (2010) for other characteristics of these events. This is unlike the spatial patterns in ocean mass anomalies: we nd that during the 2011 La Niña, the ocean mass decrease is temporarily con ned in the northeastern Paci c, as for 1997 -1998 El Niño (but with opposite sign).
The origin of this ocean mass decrease during La Niña events is possibly related to the net precipitation over the area, but the exact origin of the observed pattern remains to be investigated. This will be the object of a forthcoming study that should also analyze the relationship between ocean mass anomaly and surface salinity, in particular using data from the SMOS and Aquarius satellite missions. It will be also of interest to investigate whether numerical ocean models are able to reproduce the observed ocean mass decrease and its spatial pattern. This should help better understanding the physical cause of the observed pattern.
